In utero exposure to some phthalate esters adversely affects the development of the rat seminiferous cord, causing germ cell loss and increasing the number of multinucleated germ cells (MNGs). To understand the timing of MNG formation and determine whether it requires nuclear division, timed pregnant Sprague Dawley rats were exposed to 500 mg/kg di-n-butyl phthalate (DBP) or corn oil vehicle by oral gavage on Gestational Day (GD) 17 or 18 (0 h) and euthanized after 2, 4, 6, or 24 h or given a second dose at 24 h and euthanized 48 h after the initial dose. Dams were simultaneously exposed to 0.3 M 5-bromo-2 0 -deoxycitidine (BrdC; converted to 5-bromo-2 0 -deoxyuridylate [BrdU] in vivo) through a subcutaneous microosmotic pump implanted at À2 h. In the testes of male fetuses, DBP induced MNGs significantly beginning at 4-6 h and dramatically by 24 h when exposure began on GD 18 but not GD 17. Seminiferous cord diameter was significantly elevated in testes of rats treated with DBP at 24 and 48 h, and cell death, measured by TUNEL assay, was significantly elevated by DBP only at 48 h, when treatment began on GD 18. TUNEL-labeled MNGs were rare. Overall BrdU labeling rate in the testis was unaffected by DBP. Only one of 606 MNGs in BrdU-labeled sections had a strongly positive nucleus, confirming a nonproliferative mechanism of MNG formation, which is a degenerative process with the potential to adversely affect testis development.
INTRODUCTION
In utero exposure to some phthalate esters (phthalates) disrupts the development of the fetal rat testis by adversely affecting multiple cell types, including the Leydig cells and the Sertoli and germ cells that make up the seminiferous cord. In Leydig cells, phthalates reduce testicular testosterone through a partially characterized mechanism involving decreases in steroidogenic gene transcription, leading to reproductive tract malformations [1] [2] [3] . In the fetal seminiferous cord, phthalates cause a dramatic increase in the rate of multinucleated germ cells (MNGs) [3] [4] [5] [6] as well as loss of germ cells [6] [7] [8] . These effects on the fetal testis are the underlying cause of the hypothesized phthalate syndrome [9] , which consists of early and later life-adverse outcomes for male reproductive tract development, including cryptorchid testis, hypospadias, and reduced sperm parameters. The similarity of these phthalate effects with the increased rates of hypospadias and cryptorchidism and the decreased sperm counts associated with testicular dysgenesis syndrome (TDS) in humans [10, 11] has led to the hypothesis that in utero exposure to environmental testicular toxicants, particularly phthalates, may contribute to testicular dysgenesis [9, 12] . This is an imperfect comparison, as germ cell cancers, which are a component of TDS, do not occur in rats generally or in phthalate-treated animal models, and TDS is believed to be the result of numerous factors, including genetic variants, lifestyle, and environmental exposures [11] [12] [13] [14] .
In the fetal testis, phthalates affect both Leydig cells and seminiferous cords. In many studies, pregnant rats are exposed to phthalates by oral gavage from mid-to late gestation, which leads to both Leydig cell and seminiferous cord effects in male fetuses [1-3, 5, 15-22] . However, studies of both human and mouse fetal testis indicate that the seminiferous cord effects of phthalates do not stem directly from their antiandrogenic activity, as phthalates alter the seminiferous cord even in the absence of a measureable antiandrogenic effect [4, 7, [23] [24] [25] [26] [27] [28] [29] . Due to a significant emphasis on the antiandrogenic outcomes of phthalates in the rat literature, seminiferous cord effects are relatively understudied. While apparent species differences exist in the sensitivity of the fetal testis to the antiandrogenic potency of phthalates [26] [27] [28] [29] [30] , the rat fetal testis is an appropriate model to study the influence of phthalates on the human fetal seminiferous cord [8, 23] .
MNGs are a hallmark of fetal phthalate exposure, but little is known about the mechanisms by which phthalates induce MNGs or the implications of MNGs for male reproductive health. It has been hypothesized that MNGs form by a proliferative mechanism and that the increase in MNGs following phthalate exposure is indicative of abnormal proliferative activity [3] . However, a short-term phthalate exposure during late gestation is sufficient to produce a significant increase in the rate of MNGs [6] . Further, MNGs form from differentiated germ cells, which are not proliferative [8, 31] . More likely than resulting from abnormal germ cell proliferation, MNG formation could be a degenerative process caused by a breakdown in intercellular bridges between fetal germ cells following loss of vimentin cytoskeletal projections in Sertoli cells and loss of Sertoli cell-germ cell contact [8, 15, 29] . This would ultimately result in the loss of those differentiated germ cells, as MNGs are lost through apoptosis in the early postnatal period [17, 22, 31] .
We hypothesized that DBP exposure during a 48-h window in late gestation would lead to an increase in MNG formation through a nonproliferative mechanism. To test this hypothesis, we utilized a unique exposure paradigm to capture proliferative activity throughout the entire DBP exposure window: pregnant rats (Gestational Day [GD] 17 or 18) were exposed to DBP by oral gavage while simultaneously receiving the proliferation marker 5-bromo-2 0 -deoxycitidine (BrdC), which is converted to 5-bromo-2 0 -deoxyuridylate (BrdU) in vivo, by subcutaneous osmotic pump. We analyzed the effects of DBP on cellular proliferation, cell death, seminiferous cord diameter, and MNG rate in the fetal testis 2-48 h after initiation of DBP exposure.
MATERIALS AND METHODS

Animals
Timed pregnant Sprague Dawley rats (Crl:CD [SD]), strain code 001, or Crl:SD, strain code 400 (total n ¼ 55), were purchased from Charles River Laboratories (Wilmington, MA). Rats were housed in the Brown University animal care facility under controlled temperature (25-288C) and humidity (30-70%) with a 12L:12D cycle and received Purina Rodent Chow 5010 (Farmer's Exchange, Framingham, MA) and water ad libitum. All animal care and use procedures were approved by the Brown University Institutional Animal Care and Use Committee in accordance with U.S. Public Health Service requirements and the Guide for the Care and Use of Laboratory Animals as well as the guidelines of the Society for the Study of Reproduction.
For 20 Crl:CD (SD) rats, treatment began on GD 17. For 35 Crl:SD rats, treatment began on GD 18. The day on which a vaginal plug was detected was designated as GD 0. Sample sizes for each treatment and time point are listed in Table 1 . Osmotic pumps (Alzet, Cupertino, CA) were filled with 0.3 M BrdC (MP Biomedicals, Santa Ana, CA) in sterile-filtered (0.22 lm) PBS (BBL FTA Hemagglutination Buffer; Becton Dickinson and Company, Franklin Lakes, NJ) and primed by incubating overnight in sterile PBS in a 378C water bath. Pregnant dams were anesthetized using 2-3% isoflurane (Henry Schein Animal Health, Dublin, OH), and pumps were implanted subcutaneously through a dorsal skin incision 2 h prior to initiation of dosing. BrdC is converted to BrdU in vivo and has a greater aqueous solubility than BrdU [32] . Rats were given 500 mg DBP/kg body weight or corn oil vehicle in a 1-ml/kg body weight dosing solution by oral gavage. Doses were administered at 0 h for all animals and at 24 h for those animals in the 48-h time point. The 500-mg/kg dose and late gestation timing of administration were chosen based on the consistent induction of MNGs by this dose in multiple studies [3, 4, [15] [16] [17] 22] , including a short exposure from GD 19 to GD 20 in Wistar rats [6] . Rats were euthanized by inhalation of isoflurane at 0, 2, 4, 6, 24, or 48 h relative to the initial dose. The uterus was removed, and all fetuses were collected, weighed on an analytical balance, and immediately euthanized by decapitation. The uterine position and weight of each fetus was recorded. Fetuses were retained on ice in Hanks Balanced Salt Solution without calcium, magnesium, or phenol red (Gibco/Life Technologies, Grand Island, NY, or Corning/Mediatech, Manassas, VA) and dissected under a Zeiss Discovery.V8 or Nikon SMZ-U stereomicroscope. Sex was determined for each fetus by microscopic investigation of the fetal gonad. One testis was collected from each male fetus and fixed in Modified Davidson Solution (Electron Microscopy Sciences, Hatfield, PA) for 15 min, then transferred to 70% ethanol and held at 48C until further processing. In most cases, one testis was collected from each of four fetuses from each litter, but the number of male fetuses per litter ranged from 2 to 12 with a mean 6 SEM of 5.3 6 0.27 and mode of four.
Histology and Immunohistochemistry
Fixed testes were dehydrated through a series of ethanols and xylenes on a Triangle Biomedical Sciences ATP/1 processor, embedded in paraffin, and cut at 5 lm in four-section series. Within each four-section series, sections 1 and 3 were stained with hematoxylin and eosin (H&E). Section 2 was used for immunohistochemistry (IHC), and section 4 was used as an IHC negative control, which received no primary antibody or no TdT enzyme in TUNEL assays. Prior to IHC labeling, slides were deparaffinized in xylenes and rehydrated through a series of ethanols to PBS. For BrdU IHC labeling, endogenous peroxidase was blocked with 4.5% H 2 O 2 diluted in methanol (both obtained from Fisher Chemical, Pittsburgh, PA) for 10 min, sections were permeabilized for 5 min in PBS with 0.1% Triton X-100 (SigmaAldrich, St. Louis, MO), and antigen retrieval was performed in 10 mM citrate buffer pH 6.0 heated in a vegetable steamer for 20 min, followed by 20 min at room temperature. Histone extraction in HCl was performed based on the method described by Bak and Panos [33] . Nonspecific staining was blocked using BLOXALL Blocking Solution (Vector Laboratories, Burlingame, CA) for 10 min and then a blocking buffer consisting of PBS with 1% w/v bovine serum albumin and 5% v/v normal goat serum (both from SigmaAldrich) for 30 min. Sections were incubated with anti-BrdU primary antibody (clone Bu20a, product no. M0744; DAKO, Carpinteria, CA) at a 1:100 dilution in blocking buffer or with blocking buffer alone overnight at 48C in a humidified chamber. All sections were incubated for 90 min at room temperature with goat-anti-mouse IgG secondary antibody (product no. B0529; Sigma-Aldrich) diluted 1:200 in blocking buffer. Avidin-biotin peroxidase conjugation was performed using the Vectastain ABC Elite kit (Vector Laboratories), and peroxidase staining was developed using 3,3 0 -diaminobenzidine (DAB; Vector Laboratories) as the substrate. Slides were counterstained with hematoxylin, Gill no. 3 (Sigma-Aldrich). TUNEL labeling was performed using the Apoptag Peroxidase In Situ Apoptosis Detection Kit (EMD Millipore, Billerica, MA) according to the manufacturer's protocol, with the following modifications: the endogenous peroxidase blocking step was omitted, the chromogenic reaction was performed using DAB from Vector Laboratories, and sections were counterstained with hematoxylin. All sections were cleared with isopropanol and Fisherbrand Citrisolv Clearing Agent (Thermo Fisher Scientific, Waltham, MA) and mounted using Cytoseal-60 (Thermo Fisher Scientific).
Morphology Quantification
Slides were examined on an Olympus BH-2 light microscope for quality of histology and specificity of staining and then scanned at 403 on an Aperio ScanScope CS (Leica Microsystems Inc., Buffalo Grove, IL). BrdUpositive cells were quantified using a nuclear IHC counting algorithm within Leica ImageScope software. TUNEL-positive cells within seminiferous cords were counted manually on scanned slides in ImageScope. TUNELstained slides were also used to quantify the seminiferous cord diameter by measuring the diameter of the minor axis for each seminiferous cord in ImageScope. BrdU-labeled slides were used to count MNGs. All putative MNGs were hand checked on the light microscope, and the adjacent H&E sections were used for confirmation when possible. MNGs were not quantified on the TUNEL-stained slides, but notes of any TUNEL-positive MNGs were recorded. Finally, a morphometric analysis of TUNEL-labeled slides was performed in ImageJ using an automatic thresholding procedure to approximate the proportion of cross-sectional area occupied by the lowcell-density interstitium often located in the center of rat fetal testis cross sections, relative to the total area, which includes seminiferous cords, highly cellular interstitium, and tunica. This estimate was performed through a conversion of raw images to binary black-and-white images using the IsoData algorithm in Image J, based on the method of iterative intermeans [34] . The estimated area of nuclei within the interstitial area, identified as dark spots between 0 and 25 lm 2 , was added to the total light interstitial area. The area occupied by blood vessels, which appear white in the binary image, was subtracted from the total light interstitial area. Blood vessel area was estimated as the sum of light objects with area of 300-5000 lm 2 and circularity values of 0.05-1.00. a Rats exposed to DBP for 0 or 2 h and 4 or 6 h were grouped together due to similarity of response. b GD ¼ gestational day, age of fetal rats at the time of first dose.
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Data Analysis and Statistics
All data were quantified at the level of the fetus. The arithmetic mean of values from all fetuses in the same litter was used as the value for data analysis so that the litter was treated as the unit of replication. For most litters, the number of fetuses to be analyzed was limited to four, but for all litters, the range was two to eight fetuses, with a mode of four and mean 6 SEM of 3.98 6 0.15. A total of 219 testes (219 unique fetuses) from the 55 litters were analyzed. For the morphometric analysis only, TUNEL sections with imperfections were excluded, leaving 185 fully intact sections in the analysis (from 185 fetuses), including at least one from each litter, for a sample size of n ¼ 55. Due to similarity of responses and small sample sizes in early time points, the 0-and 2-h and 4-and 6-h time points were combined for statistical purposes. Linear, quadratic, and exponential regression analyses were performed as appropriate to show the strength of association between endpoint data and fetal weight. Statistical comparisons by treatment and time point were performed using two-way ANOVA, followed by the Holm-Sidak post hoc test for multiple comparisons. MNG data for GD 17 and GD 18 rats and percent interstitial area data for GD 18 rats were not normally distributed. To correct for this, the proportion of seminiferous cords with MNGs was square root transformed, and percent interstitial area data were log 10 transformed. TUNEL data for GD 18 rats did not have equal variance. To correct for this, the percent of seminiferous cords with TUNEL-positive cells was log 10 transformed. These transformations produced normally distributed data with equal variance, and regression and two-way ANOVAs were performed on the resulting data as appropriate. All statistical analyses were performed using SigmaPlot (Systat Software, San Jose, CA).
RESULTS
Short-Term DBP Exposure Impairs Late Gestational Development of the Rat Seminiferous Cord
DBP exposure had significant effects on the morphology of the seminiferous cords within 24 h of initial exposure, but only when the exposure began on GD 18, not GD 17 ( Fig. 1) . In fetal rats exposed to DBP on GD 18 and 19, there was a significant increase in MNG frequency beginning by 4-6 h of exposure. The difference was highly significant at both 24 and 48 h (Fig. 1A) . Notably, the relationship between average fetus weight and experiment time was linear for both rats exposed beginning on GD 17 (n ¼ 20, R 2 ¼ 0.8788, P , 0.0001) and on GD 18 (n ¼ 35, R 2 ¼ 0.9488, P , 0.0001), including both DBP-and vehicle-treated rats (Supplemental Figure S1 ; Supplemental Data are available online at www.biolreprod.
FIG. 1. DBP alters fetal testis morphology. DBP treatment did not increase the frequency of MNGs when treatment began on GD 17, but DBP significantly increased MNG frequency in rat fetal testis within 4-6 h when treatment began on GD 18 (A). The square root-transformed proportion of tubules with MNGs increased relative to fetus weight according to a quadratic trend (n ¼ 25, R 2 ¼ 0.8837, P , 0.0001); while the vehicle-treated testis MNG frequency data passed the normality and equal variance assumptions for quadratic regression, the fit against fetus weight was not significant (n ¼ 30,
. DBP treatment did not significantly alter the seminiferous cord diameter when treatment began on GD 17, but when treatment began on GD 18, seminiferous cord diameter was significantly higher in DBP-treated than vehicle-treated testes at 24 and 48 h (C). When analyzed by fetus weight, seminiferous cord diameter (D) in vehicle-treated samples decreased according to a quadratic trend (n ¼ 30, R 2 ¼ 0.6104, P , 0.0001), while DBP-treated samples (n ¼ 25) did not significantly fit any linear (R 2 ¼ 0.0566, P ¼ 0.2522) or quadratic (R 2 ¼ 0.0843, P ¼ 0.3794) relationship with fetus weight and showed no obvious decrease in diameter. To correct for nonnormal distribution, MNG data were converted to proportions and square root transformed, and transformed data were used for ANOVA and regression analyses. All pairwise comparisons were made by two-way ANOVA followed by the Holm-Sidak test (*P , 0.05, ***P , 0.001). Values in A and C are mean 6 SEM.
PHTHALATE-INDUCED FETAL MNGs ARE NONPROLIFERATIVE org), making fetus weight a good proxy for gestational age (Supplemental Figure S1 ). Utilizing this proxy, when square root-transformed data for the proportion of seminiferous cords with MNGs in DBP-exposed testes (both GD 17 and 18) were plotted by fetus weight, they increased according to a quadratic trend ( Fig. 1B ; n ¼ 25, R 2 ¼ 0.8837, P , 0.0001). This temporally coincided with the seminiferous cord diameter in vehicle-treated fetuses decreasing throughout the exposure period according to a quadratic fit (R 2 ¼ 0.6104, P , 0.0001), with a dramatic decrease around GD 20, while DBP-exposed rats showed no such decrease (Fig. 1, C and D) . Representative images of testes exposed to vehicle or DBP beginning on GD 18 are shown in Figure 2 , with the increased seminiferous cord diameter and MNG rate visible at 24-48 h of DBP exposure.
Cell Death and Proliferation Following Late Gestational DBP Exposure
The pattern of TUNEL staining (Fig. 3 ) was similar to previous reports in the rat fetal testis, with infrequent labeling during late gestation and no obvious staining in Sertoli cells [35] . The overall rate of cell death in the seminiferous cord, measured by TUNEL, decreased with gestational age (Fig. 3A) or fetal weight (Fig. 3B) , counting all visible signals, including small or faint signals likely indicating the late stages of apoptosis. This indicated that the rate of germ cell apoptosis decreased dramatically at approximately GD 17-18. The trend in vehicle-treated samples was significant (two-parameter exponential decay fit; n ¼ 30, R 2 ¼ 0.7177, P , 0.0001). TUNEL data from DBP-treated testes on GD 17 and 18 combined were not normally distributed even after log 10 transformation, so they could not be used for regression analysis, but they showed a negative association with fetus weight also. DBP treatment did not significantly influence the rate of cell death, measured by TUNEL, in the seminiferous cords when treatment began on GD 17, but there was a significantly higher rate of TUNEL signal in the DBP-exposed than in the vehicle-exposed testes of GD 18 rats at 48 h only (Fig. 3A) . Widespread apoptotic death of MNGs was not observed at any time point, though MNGs with TUNELpositive nuclei were observed infrequently (Fig. 3, D and H) .
Specific labeling of proliferative nuclei by the BrdU antibody has been previously reported [36] , and we have used it to identify proliferative cells in the adult rat testis [37] . In the current study, proliferative activity occurred almost exclusively in somatic cells, with Sertoli cells becoming nearly universally labeled by 48 h of BrdC exposure beginning on GD 18. In addition to Sertoli cells, BrdU labeling was frequent in peritubular cells, tunica cells, and some interstitial cells but was infrequent in Leydig cells (based on morphology) and germ cells (Fig. 4 and Supplemental Figure S2 ), as expected for this developmental age [16, 35] . Also as expected, BrdU labeling frequency increased with increasing time of exposure to BrdC (Supplemental Figure S2) . DBP had no effect on proliferation as measured by the proportion of BrdU-positive nuclei of all testicular cell types in histological sections when treatment began on GD 17 (Fig. 4A) or GD 18 (Fig. 4B ), but BrdU labeling rate increased according to a quadratic fit in both vehicle-(n ¼ 30, R 2 ¼ 0.8307, P , 0.0001) and DBP-treated (n ¼ 25, R 2 ¼ 0.8574, P , 0.0001) testes (Fig. 4C) . Of 606 MNGs counted in the study, only two were BrdU positive, with one showing a faint signal and a second displaying a strongly BrdU-positive nucleus; the latter cell had at least five identifiable nuclei in the BrdU-stained section, only one of which was BrdU positive (Fig. 4H) .
Overall Testis Morphometry in Late Gestation
Whole mounted cross sections of fetal testis often contain a large centrally located area of low-cell-density interstitial tissue. Given the significant changes in seminiferous cord diameter measured in this study (Fig. 1) and the previously reported reduction in the number of seminiferous cord cross sections in the testis following DBP exposure [15] , in addition to the Leydig cell clustering caused by phthalates [38, 39] , both of which effects are unique to phthalates among testicular toxicants, we hypothesized that the area occupied by this lowcell-density interstitial space might also change with developmental age and be altered by DBP exposure. When automatic 
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thresholding was used to separate the light and dark cellular area in scanned images (Fig. 5) , the white space, comprised primarily of this low-cell-density interstitial area, ranged from 3.590% to 29.084% of the cross-sectional area with a mean 6 SEM of 12.476 6 0.839. The log 10 -transformed percent of cross-sectional area increased on average with increasing fetus weight in testes from both vehicle-(n ¼ 30, R 2 ¼ 0.3162, P ¼ 0.0012) and DBP-treated (n ¼ 25, R 2 ¼ 0.5145, P , 0.0001) rats (Fig. 5F ). This was a highly variable measurement but showed a rough increase on average with fetus weight. Within fetuses treated beginning on GD 17, log 10 (% interstitial area) was significantly lower in DBP-treated than vehicle-treated testes at 4-6 h (P ¼ 0.005). There was no statistically significant difference between DBP-and vehicle-treated samples when treatment began on GD 18 (Fig. 5E) .
DISCUSSION
Changing Context of Fetal Testis Morphology
Gonocytes in the fetal mammalian testis develop asynchronously through three phases, giving rise to the population of cells that will become spermatogonial stem cells (reviewed in Culty [40] and Culty [41] ). First, the gonocyte population undergoes mitotic expansion. Next, in late gestation, on approximately GD 18 in the rat, gonocytes become quiescent before finally entering a transitional phase. The transitional phase is characterized by the differentiation of gonocytes into spermatogonia and the migration of germ cells from the center of the seminiferous cord to the basement membrane of the developing seminiferous tubule. Germ cell apoptosis is frequent during the mitotic stage but very infrequent from the FIG. 3. DBP has no effect on apoptosis at most time points, but it is the probable mechanism of MNG loss. DBP treatment did not increase the frequency of TUNEL-positive cells significantly in the rat fetal testis when treatment began on GD 17 but significantly increased apoptosis rate in GD 18 rats after 48 h (***P , 0.001) (A). GD 18 data but not GD 17 had unequal variance. To correct for this, GD 18 data were log 10 transformed, and then data were analyzed by two-way ANOVA followed by the Holm-Sidak test. Only the interaction term was significant for GD 17 rats (P ¼ 0.038). Values in A are mean 6 SEM. When all samples were analyzed by fetus weight (B), the frequency of seminiferous cords with TUNEL-positive cells in vehicle-treated fetal rat testis decreased according to a two-parameter exponential fit (n ¼ 30, R 2 ¼ 0.7177, P , 0.0001). The combined GD 17 and 18 data for DBP-exposed rats was not normally distributed and could not be corrected using a transformation. Therefore, it was not subjected to regression analysis, but the overall trend was downward with increasing fetal weight. C-E) Three serial 5-lm sections from a rat treated with DBP for 48 h beginning on GD 18, stained with H&E (C, E) or TUNEL with hematoxylin counterstain (D). An MNG is visible in all three sections (C-E) with a single TUNEL-labeled nucleus in D. F) Representative TUNEL-positive cells in a sample treated with vehicle for 48 h starting on GD 18, demonstrating the range of signal size and strength in the study. In G, several TUNEL-negative MNGs are shown in a sample treated for 48 h with DBP beginning on GD 18. H shows an MNG with a weak TUNEL signal. In all panels, arrows indicate MNGs, and arrowheads indicate TUNEL-positive cells. Bar ¼ 60lm.
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quiescent stage until a wave of spermatogonial apoptosis that takes place after birth. Phthalate exposure during fetal life significantly perturbs the normal process of testis development. The changing number and types of fetal germ cells present during testis development create a moving baseline that must be taken into account to understand phthalate effects during specific windows of fetal development.
In this study, we sought to understand how MNGs formed in response to DBP exposure, how critical the timing of exposure was for MNG formation, and whether loss of MNGs by apoptosis would begin shortly after their appearance. A key finding was that the morphology of the testis changed dramatically during the window of exposure when MNGs are formed and that this process was temporally linked to the susceptibility of the fetal rat testis to DBP-induced MNG formation. The testes of fetal rats treated with corn oil vehicle in this study displayed several morphological changes with fetus weight, including a decrease in seminiferous cord diameter (Fig. 1D) . This decrease occurred rapidly at approximately GD 20, which corresponds with the reported increase in number of seminiferous cord cross sections on GD 20-21 in vehicle-treated rats in a previous study [15, 16] . During the same time frame, evidence of apoptosis in the seminiferous cords decreased (Fig. 3B) , while evidence of proliferation across the whole testis increased (Fig. 4C) . However, proliferative activity was limited almost exclusively to somatic cells (Fig. 4 and Supplemental Figure S2 ), as would be expected given that late gestation is a time of fetal growth but germ cell quiescence. We used image analysis of testis sections to produce an integrated measurement for the changes in fetal testis morphology during development, based on the proportion of the section comprised of low-cell-density interstitial area (Fig. 5) . This was highly variable due in part to the multifactorial nature of trying to capture seminiferous cord diameter, number of cords, and other variables. Also, this is likely subject to variability in the depth at which sections were obtained. While this analysis did not show a consistent difference between DBP-and vehicle-treated testes, it did indicate that the average interstitial area increases slightly throughout the time window of our study. Further development of this analysis may be useful to investigate whether this ratio is altered by exposure to other toxicants that adversely affect fetal testicular development.
DBP Alters the Morphology of the Seminiferous Cord
Given that dramatic morphogenetic changes in the seminiferous cord coincide with the timing of vulnerability to phthalate-induced MNG induction, we hypothesize that MNGs induced by fetal phthalate exposure are precipitated by phthalate-driven disruption of normal developmental processes in the seminiferous cords. The increase in MNGs in rats exposed to DBP beginning on GD 18 was statistically significant after only 4-6 h of DBP exposure (Fig. 1A) . This is consistent with the window of susceptibility reported in two studies in which DBP exposure on GD 19 and 20 was sufficient to cause an increase in MNGs [6] and germ cell aggregation [42] . DBP has been previously reported to increase seminiferous cord diameter [4] , but our data indicate that this difference results from a failure of the seminiferous cord to decrease in diameter at approximately GD 19-20 as in vehicletreated rats (Figs. 1 and 2 ). The timing of this event also coincided with the increase in the number of seminiferous cord cross sections per rat fetal testis, which is reduced by DBP doses as low as 50 mg/kg/day [15, 16] . Therefore, the normal maturation of the rat testis in the final days of gestation is characterized by a greater number of visible seminiferous cords in testis cross sections that are smaller in diameter, possibly caused by rapid convolution of seminiferous cords. This morphogenetic process is susceptible to the adverse effects of phthalate exposure.
DBP exposure did not change the rate of proliferation in the testis or rate of cell death in the seminiferous cords at most time points (Figs. 3 and 4) , consistent with the exposure window coinciding with germ cell quiescence, which occurs from approximately GD 18 to Postnatal Day (PND) 3 in the rat [41] . During this time of fetal testicular growth, cell death in seminiferous cords was low (Fig. 3) . Conversely, overall cell proliferation in the testis was high (Fig. 4 and Supplemental Figure S2 ), driven almost entirely by testicular somatic cells. These observations are consistent with the previously reported maximum germ cell death at GD 15-16 and low TUNEL
FIG. 5. The low-cell-density interstitial area in the testis increases with gestational age. A-D)
The conversion of a whole-mounted testis section stained with TUNEL assay and hematoxylin counterstain (A) to a binary black-and-white image where the white area largely represents low-cell-density interstitial area (B). In C, the nuclear area within the interstitium (blue) is identified and added to the interstitial total area. In D, blood vessel area (blue), which also appears as white in the binary images, is subtracted from the interstitial area. GD 17 data but not GD 18 were not normally distributed. To correct for this, GD 18 data were log 10 transformed, and then data were analyzed by two-way ANOVA followed by the Holm-Sidak test. The light-colored, low-celldensity interstitial area in the cross sections did not differ significantly by treatment group when GD 18 data were analyzed by two-way ANOVA (D); however, at 4-6 h of treatment beginning on GD 17, the log 10 -transformed interstitial area was greater in vehicle-than DBP-treated samples (**P ¼ 0.005).
Values in E are mean 6 SEM. For regression analysis, all data were log 10 transformed to correct for nonnormal distribution. Log 10 -transformed interstitial area, as percent of the section, slightly increased with fetus weight in both vehicle-(n ¼ 30, R 2 ¼ 0.3162, P ¼ 0.0012) and DBP-treated (n ¼ 25, R 2 ¼ 0.5145, P , 0.0001) groups (F).
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staining after GD 18 [35] , germ cell proliferation that is frequent prior to GD 18 but infrequent from GD 18 to PND 2-3, a high rate of Sertoli cell proliferation at GD 20, and a low rate of fetal Leydig cell proliferation in late gestation [15, 16, 35] . DBP perturbed this pattern only by increasing TUNEL staining at GD 18, similar to one study of mono-(2-ethylhexyl) phthalate, a compound with similar effects to DBP, in the mouse fetal testis in vitro [7] . In the previous DBP study, we also found a significant reduction in BrdU labeling across testicular cell types in DBP-treated testes on GD 17, 20, and 21 [16] . This discrepancy in the effect of DBP exposure on cell proliferation in the fetal testis could have resulted from the longer duration of exposure in the previous study, where treatment began at GD 12. Overall, however, our results indicate that DBP alters the morphology of the fetal seminiferous cord without having profound effects on testicular cell proliferation or cell death.
Phthalate-Induced Fetal Testicular MNGs Are Nonproliferative
The most critical finding in the present study was the confirmation that MNGs form through a mechanism that does not rely on germ cell proliferation, implying that MNGs are a degenerative feature of the response to phthalates. While this finding contradicts one report that MNGs were sometimes IHC positive for proliferating cell nuclear antigen (PCNA) [3] , it is in accord with our previous findings of DBP leading to no change or a decrease in proliferative activity across all fetal testicular cell types, no evidence of proliferation in MNGs following DBP exposure, and that PCNA staining in MNGs may have been influenced by fixation-related nonspecific staining patterns [15, 16] . The present study improved on this line of inquiry by using continuous BrdC exposure beginning prior to dosing with DBP. Continuous BrdC exposure was a sensitive way to detect evidence of a proliferative mechanism of MNG formation if it occurred, especially given that the rate of BrdU labeling across the whole testis increased dramatically concurrent with the significant increase in MNGs (Fig. 4 and Supplemental Figure S1 ). The present result is also consistent with reports that MNGs are formed from differentiated germ cells, which are not proliferative [8, 31] . It previously has been reported in addition to MNGs that phthalates produced histological evidence of atypical germ cell mitosis in fetal rats on PND 3 and 7 [17] . While it is possible that DBP exposure in utero could lead to abnormal germ cell proliferation in early postnatal life, our data do not indicate that this aberrant mitotic activity begins in utero or that it is related to induction of MNGs through a proliferative mechanism.
MNGs, notably, are induced by numerous toxicants, physical stressors, and genetic factors affecting spermatogenesis in adult rodent testes, in which context they are typically called multinucleated giant cells [43] [44] [45] [46] [47] , and are also found in cryptorchid testis in humans [48] . Adjacent testicular germ cells are connected at various stages in both fetal and adult life by intercellular bridges made up of proteins including testis expressed 14 (TEX14) [49] [50] [51] . MNGs may form by the collapse of these intercellular bridges, as evidenced by the production of MNGs in adult rat testis following cytochalasin D treatment and loss of actin filaments [52] . Additionally, unique sphingolipids are required for germ cell bridge formation, and loss of these sphingolipids by knockout of ceramide synthase 3 leads to increased rates of MNGs and increased germ cell intercellular bridge diameter labeled by TEX14 in the mouse [53] . It is plausible that MNGs in the fetal testis form through a similar process of intercellular bridge collapse following DBP exposure. Our present results strongly support this hypothesis, clearly indicating that MNGs in the fetal testis are nonproliferative and are induced rapidly as a result of phthalate treatment when germ cells are quiescent.
In a previous study, exposure of human fetal testis xenografts to DBP resulted in altered expression of genes related to the actin filament and to organelle localization, which suggests that DBP causes testis pathology by altering cytoskeletal components of testicular cells [24] . This is further supported by evidence from fetal rats that phthalate exposure leads to altered localization of vimentin in the cytoskeleton of Sertoli cells, retraction of the Sertoli cell processes that surround germ cells, and disrupted expression of cell adhesion molecules and contacts between Sertoli and germ cells [15] . Further, the timing of MNG formation is consistent with this hypothesis. Germ cell bridges appear in transitional and late gestational germ cells in humans [54, 55] , rats [56] , and mice [49] , all of which are susceptible to phthalate-induced MNGs [23, 29] .
Phthalates and Germ Cell Loss
We found no evidence that widespread loss of MNGs due to DBP exposure occurred during the window of GD 17-20, consistent with previously published data on loss of MNGs and germ cell apoptosis [15-17, 22, 31] . Further, there was no evidence of an altered rate of apoptosis in the DBP-exposed seminiferous cords until PND 20 ( Fig. 3A; 48 h) , consistent with the quiescent window for rat germ cells from GD 18 to PND 2-3 [41] . Postnatal germ cell apoptosis begins between PND 1 and PND 6 [16, 35, 56, 57] , and a significant wave of germ cell apoptosis occurs on PND 15-20 [58] . Given that MNGs are not lost shortly after forming, the majority of MNGs presumably are lost through apoptosis when it becomes frequent during postnatal life, between PND 4-7 and PND 10-16 in the rat [17, 22] or by PND 7 in the mouse [31] . Apoptosis as the ultimate mechanism of MNG loss is likely. Not only does MNG loss coincide with the timing of elevated levels of germ cell apoptosis, but in the present study, we observed at least one MNG with an apoptotic nucleus (Fig. 3) . Further, we previously found that DBP-induced MNGs are more frequent and that abnormal germ cells are more persistent in adult mice lacking Tp53 [31] .
As phthalate-induced MNGs appear temporarily and are lost postnatally, germ cell loss is ultimately a consequence of late gestational DBP exposure. Exposures to high doses of phthalate lead to decreased testis volume and cell number in utero [16] , and DBP exposure leads to decreases in germ cell number in both the fetal and the postnatal testis, with exposures in early gestation leading directly to reduced germ cell number without induction of MNGs [6, 8, 42] . Although germ cell number in DBP-exposed rats has been reported to recover by PND 90 [6] , some effects of phthalates on the seminiferous cords of fetal male rats persist into adulthood, including malformed seminiferous tubules and decreased spermatogenesis [17, 22, 59, 60] . Therefore, the degenerative effects of phthalates on fetal seminiferous cords may impact reproductive parameters in adults.
MNGs in the Context of Phthalate Toxicity
Environmental exposure of humans to phthalates in utero has led to concern for potential adverse effects on human male reproductive tract development [61, 62] . The male reproductive toxicity and risk assessment of in utero phthalate exposure has been understood primarily in the context of the antiandrogenic SPADE ET AL. action of phthalates in rats. The decrease in testosterone caused by phthalates has been presumed to be an upstream mechanistic event in phthalate toxicity in the fetal testis, as phthalates exert dose-additive antiandrogenic effects in this model [18, 19] . However, in addition to influencing steroidogenesis in the fetal Leydig cell, phthalates influence the development and differentiation of germ cells and seminiferous cords. Recent studies from our lab and others have indicated that the two sets of effects are not directly related. Treatment with antiandrogens such as the CYP17 inhibitor abiraterone and the androgen receptor antagonist flutamide led to reduced testosterone but failed to induce MNGs in human fetal testis xenografts [24] and rat fetal testis [3] , respectively, while seminiferous cord effects of phthalate exposure occurred independent of antiandrogenic effects in mice [4, 7] and in human xenografts [23, 25] . Although the fetal testis of mice and humans is less sensitive than the rat to the antiandrogenic effects of phthalates [26] [27] [28] [29] [30] , the seminiferous cord response is similar across species [8, 23] . Further, while it has long been presumed that the critical impacts of phthalate exposures stem from antiandrogenic effects during the masculinization programming window [9, 63] , pathological effects on the seminiferous cord happen either early in gestation, including germ cell loss, or much later, including the generation of MNGs. These degenerative effects indicate that phthalate exposures outside of the masculinization programming window are relevant to human health. We have addressed the dose response for MNG induction in a previous rat study [16] and in xenotransplants from humans, rats, and mice [23] . In all three species, DBP induces MNGs strongly at doses of 100-250 mg/kg, with no effect observed at 50 mg/kg in rats. However, the limited doseresponse data on MNGs and total germ cell number following in utero phthalate exposure represent an important data gap for understanding the mechanisms of phthalate toxicity and assessing their risk to human health.
